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BIDIRECTIONAL SWITCH CIRCUIT
CONFIGURED TO CONDUCT CURRENT IN
REVERSE DIRECTION WITHOUT APPLYING
AN ON-DRIVE SIGNAL AND POWER
CONVERTER INCLUDING THE SAME

TECHNICAL FIELD

The present invention relates to bidirectional switch cir-
cuits in which two switching elements are connected in series
to conduct a current in both directions.

BACKGROUND ART

There are conventionally known bidirectional switch cir-
cuits 1n which two switching elements are connected to con-
duct a current 1n both directions. In such bidirectional switch
circuits, as described in, for example, PATENT DOCU-
MENTS 1 and 2, switching elements, such as IGBT's, MOS-
FETs, or the like, which include antiparallel diodes may be
connected so that the antiparallel diodes are oriented 1n oppo-
site directions, or a pair of reverse blocking IGBTs may be
connected 1n antiparallel.

The atorementioned bidirectional switch circuits are used
in, for example, a switching circuit for a matrix converter
described in PATENT DOCUMENT 2, a power factor

improvement circuit for a power conversion circuit described
in PATENT DOCUMENT 3, and the like.

Citation List

Patent Document

PATENT DOCUMENT 1: Japanese Patent Publication
No. 2008-283819

PATENT DOCUMENT 2: Japanese Patent Publication
No. 2005-20799

PATENT DOCUMENT 3: Japanese Patent Publication
No. 2004-101151

SUMMARY OF THE INVENTION

Technical Problem

However, when a bidirectional switch circuit 1s configured
using switching elements each of which includes antiparallel
diodes, the number of parts proportionately increases, and
therefore, the circuit 1s complicated and the conduction loss
Increases.

In contrast to this, as described in PATENT DOCUMENT
1, a pair of reverse blocking IGBTs may be connected 1n
antiparallel instead of antiparallel diodes, for example. In this
case, however, 1t 1s necessary to control the driving of a
plurality of switching elements 1n a well-coordinated manner
in order to reduce or prevent damage of the switching ele-
ments due to a reverse voltage (a state in which the source
voltage 1s higher than the drain voltage), resulting in a com-
plicated control.

The present invention has been made 1n view of the afore-
mentioned problems. It 1s an object of the present invention to
provide a bidirectional switch circuit in which two switching,
clements are connected to conduct a current 1n both direc-
tions, and 1n which the bidirectional conduction 1s achieved
by simply controlling the driving of the switching elements
while the circuit 1s simplified and the conduction loss 1s
reduced by reducing the number of parts.
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Solution to the Problem

To achieve the object, in a bidirectional switch circuit (30)
according to the present invention, of switching elements
(SW1,SW2), the switching element (SW1) to which a reverse
voltage 1s applied 1s configured to conduct a current 1n a
reverse direction even when an on-drive signal 1s not being
input to a gate terminal (G1) of one of the switching elements
(SW1, SW2).

Specifically, a first invention 1s directed to a bidirectional
switch circuit including two switching elements (SW1, SW2)
connected to conduct a current in both directions. The two
switching elements (SW1, SW2) are connected in series to
cach other. Of the two switching elements (SW1, SW2), the
switching element (SW1) to which a reverse voltage 1s
applied, a voltage of a source (S1) of one of the switching
clements (SW1, SW2) being higher than a voltage of a drain
(D) of the one, 1s configured to conduct a current from the
source (S1) to the drain (D) even when an on-drive signal 1s
not being mput to a gate terminal (G1) of the one.

With the atorementioned configuration, the switching ele-
ment (SW1) to which the reverse voltage 1s applied (the
voltage of the source (51) 1s higher than the voltage of the
drain (D)) allows a current to tflow from the source (S1) to the
drain (D) even when the drive control 1s not being nput.
Therefore, the freewheeling diode 1s no longer required, and
it 1s no longer necessary to control the driving ot a plurality of
switching elements. Therefore, with the alorementioned con-
figuration, the number of parts in the bidirectional switch
circuit (30) 1s reduced, whereby the circuit configuration can
be simplified and the conduction loss can be reduced. More-
over, with the alorementioned configuration, 1t 1s no longer
necessary to control the driving of all the switching elements
in the bidirectional switch circuit (30), whereby the control 1s
facilitated.

In the aforementioned configuration, the bidirectional
switch circuit may further include a gate drive circuit (33)
configured to control the driving of the switching element
(SW1) to which the reverse voltage 1s applied. The gate drive
circuit (33) may include a resistance material (44 ) connected
between the source (S1) and the gate terminal (G1) of the
switching element (SW1) and 1n parallel to the switching
clement (SW1) (second 1invention).

Because the resistance material (44) connected between
the source (S1) and the gate terminal (G1) of the switching
clement (SW1) and in parallel to the switching element
(SW1) 1s thus provided, almost all the voltage between the
source (S1) and the drain (D) 1s applied between the gate
terminal (G1) and the drain (D). Therefore, with the afore-
mentioned configuration, the voltage between the gate termi-
nal (G1) and the drain (D) can be efficiently increased to a
threshold voltage (Vt) at which the switching element (SW1)
starts to be 1n the on state, as quickly as possible, whereby the
switching element (SW1) can be switched on 1n the reverse
direction (a current 1s allowed to pass from the source termi-
nal to the drain).

Moreover, by providing the resistance material (44), 1t 1s
possible to prevent a high voltage which exceeds the break-
down voltage from being applied between the source (S1) and
the gate terminal (G1), whereby a breakdown between the
source (S1) and gate terminal (G1) of the switching element
(SW1) can be prevented.

The switching element (SW1') to which the reverse voltage
1s applied preferably include a gate-drain body diode (Dgd1)
provided between the gate terminal (G1) and the drain (D)
and configured to allow a current to flow only from the gate

terminal (G1) to the drain (D). The switching element (SW1')
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1s preferably configured so that a threshold voltage (Vt) at
which the switching element (SW1') starts to be 1n an on state
1s lower than a forward voltage (V1) of the gate-drain body
diode (Dgdl) (third invention).

As a result, a current does not tlow through the gate-drain
body diode (Dgdl) formed between the gate terminal (G1)
and the drain (D), and the switching element (SW1') 1s
switched on by the voltage between the gate terminal (G1)
and the drain (D), whereby a current tlows through the switch-
ing element (SW1'). Here, when a current flows through the
gate-drain body diode (Dgdl) of the switching element
(SW1"), a small number of carriers are accumulated 1n the
body diode (Dgd1), and therefore, a delay occurs when turn-
ing oif and a larger loss occurs than when a current flows
through the switching element (SW1'). As described above,
however, a current 1s caused to flow through the switching
clement (SW1') without causing a current to flow through the
body diode (Dgd1), whereby the delay and loss when turning,
off can be reduced or prevented.

The switching element (SW1') to which the reverse voltage
1s applied preferably includes a gate-drain body diode (Dgd1)
provided between the gate terminal (G1) and the drain (D)
and configured to allow a current to flow only from the gate
terminal (G1) to the drain (D), and a gate drive circuit (51)
configured to control the driving of the switching element
(SW1'). The gate drive circuit (51) includes a gate voltage
adjuster (54) configured to adjust a gate-drain voltage (Vgd)
between the gate terminal (G1) and the drain (D) so that the
gate-drain voltage (Vgd) 1s lower than a forward voltage (V1)
of the gate-drain body diode (Dgd1) (fourth invention).

As a result, the gate-drain voltage (Vgd) between the gate
terminal (G1) and the drain (D) can be more reliably caused to
be lower than the forward voltage V1 of the gate-drain body
diode (Dgd1) formed between the gate terminal (G1) and the
drain (D), whereby a current can be more reliably prevented
from tlowing through the gate-drain body diode (Dgdl).

The bidirectional switch circuit preferably further includes
two gate drive circuits (33, 34) configured to control the
driving of the two respective switching elements (SW1,
SW2). The gate drive circuits (33, 34) are preferably config-
ured to mput the same drive signal to the gate terminals (G1,
(G2) of the respective switching elements (SW1, SW2) (fifth
invention).

As aresult, 1t 1s no longer necessary to change the content
or input timing of the drive signal for the switching elements
(SW1, SW2) separately, whereby 1t 1s easier to control the
driving of the switching elements (SW1, SW2).

Note that, as in the aforementioned configuration, when a
drive signal 1s simultaneously mput to the two switching
clements (SW1, SW2), the switching elements (SW1, SW2)
may be switched on at different timings due to variations in a
characteristic of the switching elements (SW1, SW2) or the
like, likely leading to the breakdown of a switching element to
which the reverse voltage 1s applied. However, by employing
the switching elements (SW1, SW2) having the configuration
in which a current flows 1n the reverse direction even when the
drive signal input to the gate terminal (G1) 1s oif as 1n the first
invention, the breakdown of the switching element (SW1,
SW2) to which the reverse voltage 1s applied can be pre-
vented.

The bidirectional switch circuit preferably further includes
a control circuit (30) configured to output an off-control sig-
nal to the switching element (SW1) to which the reverse
voltage 1s applied (sixth invention). As a result, while a cur-
rent flows 1n the reverse direction through the switching ele-
ment (SW1) to which the reverse voltage 1s applied, the
forward current of the switching element (SW1) can be reli-
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4

ably blocked by the switching element (SW1). Thus, with the
alforementioned configuration, the bidirectional switch cir-

cuit (30) whose conduction directions are more reliably
switched 1s obtained.

The two switching elements (SW1, SW2) are preferably
provided 1n a single device including two gate electrodes
(seventh imnvention). As a result, the two switching elements
(SW1, SW2) can share a drain terminal, whereby the chip
area ol the device can be proportionately reduced. Therefore,
the loss of the bidirectional switch circuit (30) can be reduced.

In the bidirectional switch circuit of the seventh invention,
a distance between the two gate electrodes i1s preferably
greater than distances between the gate electrodes and the
respective corresponding source electrodes (eighth inven-
tion). As aresult, the distance between the two gate electrodes
contributing to the voltage withstanding capability of the
switching elements (SW1, SW2) can be increased.

Ninth to twelfth inventions are directed to power convert-
ers. Specifically, in the eighth invention, a power converter 1s
a matrix converter (60) including the bidirectional switch
circuit of any one of the first to fourth inventions as a switch-
ing unit (ninth invention). With this configuration, advantages
similar to those of the first to fourth inventions can be
obtained in the matrix converter (60). In particular, 1n the
ninth mvention, two switching elements (Surl, Sur2) consti-
tuting the switching unit of the matrix converter (60) are
preferably provided 1n a single device having two gate elec-
trodes (tenth ivention). As a result, advantages similar to
those of the seventh 1nvention can be obtained 1n the matrix
converter (60). In the tenth invention, a distance between the
two gate electrodes 1s preferably greater than distances
between the gate electrodes and the respective corresponding
source electrodes (eleventh invention). As a result, the dis-
tance between the two gate electrodes contributing to the
voltage withstanding capability of the switching elements
(SW1, SW2) can be increased.

In the tenth invention, a power converter (1, 1') may include
the bidirectional switch circuit of any one of the first to eighth
inventions as a switching unit (twelfth invention). With this
configuration, the power converter (1, 1') including a bidirec-
tional switch circuit, such as a power factor improvement
circuit or the like, can obtain advantages similar to those of
the first to seventh inventions.

Advantages of the Invention

As described above, according to the first invention, of the
two switching elements (SW1, SW2) connected 1n series, the
switching element (SW1) to which the reverse voltage 1s
applied, 1s configured to conduct a current in the reverse
direction even when the on-drive signal 1s not being input to
the gate terminal (G1). Therefore, the number of parts 1s
reduced, whereby the circuit configuration can be simplified
and the conduction loss can be reduced, and a plurality of
switching elements can be easily controlled.

According to the second 1nvention, the gate drive circuit
(33) of the switching element (SW1) includes the resistance
material (44) connected between the source (S1) and the gate
terminal (G1) and in parallel to the switching element (SW1).
Theretfore, a voltage which exceeds the breakdown voltage
can be prevented from being applied between the source (S1)
and the gate terminal (G1), and the switching element (SW1)
can be efficiently switched on.

According to the third invention, the switching element
(SW1") includes the gate-drain body diode (Dgdl1) between
the gate terminal (G1) and the drain (D), and the threshold
voltage Vt at which the switching element (SW1') starts to be
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in the on state 1s lower than the forward voltage (V1) of the
body diode (Dgdl). Therefore, the reverse current can be
caused to tlow through the switching element (SW1') without
flowing through the body diode (Dgd1), whereby an increase
in the delay and loss when turming off can be reduced or
prevented.

According to the fourth invention, the switching element
(SW1') includes the gate-drain body diode (Dgdl1) between

the gate terminal (G1) and the drain (D), and adjusts the
voltage Vgd between the gate terminal (G1) and the drain (D)
so that the voltage (Vgd) 1s lower than the forward voltage
(V1) of the body diode (Dgdl1). Therefore, a current can be
more reliably prevented from tflowing through the body diode
(Dgd1).

According to the fifth invention, the gate drive circuits (33,

34) are configured to input the same drive signal to the gate
terminals (G1, G2) of the switching elements (SW1, SW2).
Theretore, the driving of the switching elements (SW1, SW2)
can be easily controlled.

According to the sixth mvention, the off-control signal 1s
output to the switching element (SW1) to which the reverse
voltage 1s applied. Therefore, the forward current of the the
switching element (SW1) can be blocked, resulting in the
bidirectional switch circuit (30) capable of more reliably
switching conduction bidirectionally.

According to the seventh invention, the switching elements
(SW1, SW2) are provided 1n a single device. Therefore, the
chip area of the device can be reduced, thereby reducing the
loss.

According to the eighth invention, the distance between the
two gate electrodes can be increased. Therefore, the break-
down voltage between the two source terminals, 1.¢., between
the drain and the source, can be increased.

According to the ninth invention, the matrix converter (60)
includes the bidirectional switch circuit of any one of the first
to fourth inventions as a switching unit. Therefore, even in the
matrix converter (60), advantages similar to those of the first
to fourth mnventions can be obtained. In particular, also 1n the
matrix converter (60), by providing the switching elements
(Surl, Sur2) in a single device as 1n the tenth mvention,
advantages similar to those of the seventh mvention can be
obtained. According to the eleventh invention, the distance
between the two gate electrodes can be increased, whereby
advantages similar to those of the eighth mvention can be
obtained.

According to the twelfth invention, the power converter (1,
1') includes the bidirectional switch circuit of any one of the
first to eighth mmventions as a switching unit. Therefore,
advantages similar to those of the first to eighth invention can
be obtained.

BRIEF DESCRIPTION OF THE DRAWINGS

[FIG. 1] FIG. 1 1s a diagram schematically showing a
configuration of a power converter according to a first
embodiment.

[FIG. 2] FIG. 2(A) 1s a diagram schematically showing a
configuration of a dual-gate type device which 1s a bidirec-
tional switch, and FI1G. 2(B) 1s a diagram showing an example
circuit symbol indicating the dual-gate type device.

[FIG. 3] FIG. 3 1s a diagram schematically showing a
configuration of a drive circuit of a bidirectional switch.

[F1G. 4] FIG. 4 15 a time chart showing operation and states
of the drive circuat.

[F1G. 5] FIG. 5 15 a time chart showing operation and states
of the bidirectional switch.
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[FIG. 6] FIG. 6 1s a diagram schematically showing a
configuration of a power converter according to a first varia-
tion of the first embodiment.

|[F1G. 7] FIG. 7 1s a time chart showing a driven state of a
bidirectional switch 1n the power converter of the first varia-
tion.

[F1G. 8] FIG. 8 1s a counterpart of FIG. 3 showing a power
converter according to a second varnation of the first embodi-
ment.

[F1G. 9] FIG. 9 1s a counterpart of FIG. 3 showing a power
converter according to a third variation of the first embodi-
ment.

[FI1G. 10] FIG. 10 15 a diagram schematically showing a
configuration of a bidirectional switch in a power converter
according to a fourth variation of the first embodiment.

[FI1G. 11] FIG. 11 1s a diagram schematically showing a
configuration of a power converter according to a second
embodiment.

[FIG. 12] FIG. 12(A) 1s a diagram showing a state of the
power converter ol the second embodiment in which a current
flows between an R phase and a'T phase, and FIG. 12(B)1s a
diagram showing a state of the power converter of the second
embodiment in which a current flows between an S phase and
the T phase.

[FI1G. 13] FIG. 13 15 a diagram schematically showing a
configuration of a conventional bidirectional switch.

|[F1G. 14] FIG. 14 15 a diagram showing a configuration of
another conventional bidirectional switch.

[F1G. 15] FIG. 15(A) 1s a diagram showing switching
patterns and conduction states of the conventional bidirec-
tional switch, where Iu>0, and FIG. 15(B) 1s a diagram show-
ing switching patterns and conduction states of the conven-
tional bidirectional switch, where ITu<0.

[FIG. 16] FIG. 16 1s a diagram schematically showing a
configuration of a bidirectional switch in the power converter
of the second embodiment.

[F1G. 17] FI1G. 17 15 a counterpart of FIG. 15 showing the

bidirectional switch of the second embodiment.

DESCRIPTION OF EMBODIMENTS

Embodiments of the present mvention will be described
heremnafter with reference to the accompanying drawings.
Note that the preferred embodiments described below are
only for the 1llustrative purposes, and are not intended to limat
the applications and uses of the present invention.

First Embodiment

FIG. 1 shows an example circuit of a power converter (1)
according to a first embodiment of the present invention. The
power converter (1) includes a converter circuit (11), a volt-
age doubler circuit (12), a smoothing capacitor (13), an
inverter circuit (14), and a power factor improvement circuit
(15). The power converter (1) 1s configured to convert an
alternating voltage supplied from an alternating-current
power supply (2) to a voltage having a predetermined 1ire-
quency, and supply the resultant voltage to aload (3), such as
a three-phase alternating-current motor or the like.

The converter circuit (11) 1s connected to the alternating-
current power supply (2) and 1s configured to rectify an alter-
nating voltage to a direct current. The converter circuit (11) 1s
a diode bridge circuit 1n which a plurality of (four in the
example of FI1G. 1) diodes (D1-D4) are connected 1n a bridge
configuration, and which 1s connected to the alternating-cur-
rent power supply (2) via a reactor (L). As a result, the alter-
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nating voltage of the alternating-current power supply (2) 1s
converted to a direct voltage by the bridge circuit of the diodes
(D1-D4).

The voltage doubler circuit (12) includes two capacitors
(21, 22) connected 1n series. In the voltage doubler circuit
(12), one end of the alternating-current power supply (2) 1s
connected between the capacitors (21, 22) via the converter
circuit (11), whereby the capacitors (21, 22) can be charged so
that a voltage between both ends of the serial circuit of the
capacitors (21, 22) 1s twice as high as the voltage of the
alternating-current power supply (2).

The smoothing capacitor (13) smoothes the direct voltage

obtained by rectification performed by the converter circuit
(11) and the voltage doubler circuit (12).

The inverter circuit (14) as well as the voltage doubler
circuit (12) and the smoothing capacitor (13) are connected 1n
parallel to the converter circuit (11). The inverter circuit (14)
includes a plurality of switching elements (14a) (e.g., six 1n
the case of three-phase alternating-current) are connected in a
bridge configuration. Specifically, although not shown, the
inverter circuit (14) includes three switching legs 1n each of
which two switching elements (14a, 14a) are connected in
series to each other are connected 1n parallel. By on-oif opera-
tion of the switching elements (14a), a direct voltage 1s con-
verted to an alternating voltage, which 1s then supplied to the
load (3). Although, in this embodiment, as shown 1n FIG. 1,
cach switching element (14a) includes a transistor and a
diode which are connected 1n antiparallel, the present imnven-
tion 1s not limited to this. Any other configuration which
achieves switching may be employed.

The power factor improvement circuit (15) includes a bidi-
rectional switch circuit (30) including a bidirectional switch
(31) which conducts a current 1n both directions. In the power
factor improvement circuit (15), both ends of the bidirec-
tional switch (31) are connected to the alternating-current
power supply (2) so that a short circuit can be caused 1n the
alternating-current power supply (2). The power factor
improvement circuit (135) 1s configured to control the driving
of the bidirectional switch (31), depending on the polarity of
the voltage of the alternating-current power supply (2), to
cause a short circuit 1n the alternating-current power supply
(2) to rectily an mput current Is of the power factor improve-
ment circuit (15) 1n combination with the reactor (L), thereby
improving the power factor of the power supply and control-
ling the magnitude of a voltage Vpn.

Specifically, the power factor improvement circuit (15)
includes the bidirectional switch circuit (30), and a zero
crossing detector (32) which outputs to the switch circuit (30)
a zero crossing signal Sz corresponding to the polarity of the
voltage of the alternating-current power supply (2). The zero
crossing detector (32) 1s configured to generate and output the
zero crossing signal Szwhose on/ofl 1s reversed at half cycles,
depending on the waveform of the alternating voltage of the
alternating-current power supply (2).

The bidirectional switch circuit (30) includes the bidirec-
tional switch (31) configured to conduct a current in both
directions, drive circuits (33, 34) which output drive signals
Vgl and Vg2 to the bidirectional switch (31) to drive the
bidirectional switch (31), and a power factor improvement
controller (35) (controller) which outputs control signals Sgl
and Sg2 to the drive circuits (33, 34). The power factor
improvement controller (35) 1s configured to, when receiving
the zero crossing signal Sz output from the zero crossing
detector (32), output to the drive circuits (33, 34) the control
signals Sgl1 and Sg2 for controlling the driving of the bidi-
rectional switch (31) based on the zero crossing signal Sz.
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The bidirectional switch (31) includes two switching ele-
ments (SW1, SW2) which are connected 1n series so that the
drains thereot are coupled to each other, and 1s configured to
conduct a current 1n both directions by the drive circuits (33,
34) controlling the driving of the switching elements (SW1,
SW2). The switching elements (SW1, SW2) include, for
example, a junction field-effect transistor, a static induction
transistor, a metal-semiconductor field-effect transistor, a
heterojunction field-etfect transistor, a high electron mobility
transistor, or the like. The switching elements (SW1, SW2)
are configured so that when a voltage higher than that of the
drain 1s applied to the source (the higher voltage applied to the
source 1s also referred to as a reverse voltage heremafter),
then even 1f an on-drive signal 1s not input to the gate terminal,
a current flows from the source to the drain. Note that, as
shown 1 FIG. 2(A), the switching elements (SW1, SW2)
may be configured as a so-called dual-gate type device which
includes two source terminals (S1, S2) and two gate terminals
(G1, G2), and a single common drain, or alternatively, may be
configured as two separate devices. Note that FIG. 2(B)
shows an example circuit symbol, where the switching ele-
ments (SW1, SW2) are configured as the so-called dual-gate
type device. In the dual-gate type switching elements (SW1,
SW2), the distance between the two gate electrodes 1s pret-
erably greater than the distances between the gate electrodes
and the respective corresponding source electrodes. Specifi-
ly, in the example of FIG. 2(A), 1t 1s preferable that the

cal.
distance between the source (51) and the gate (G1)<the dis-
tance between the gate (G1) and the gate (G2), and the dis-
tance between the source (S2) and the gate (G2 )<the distance
between the gate (G1) and the gate (G2). This 1s because, 1n
the dual-gate type device, the breakdown voltage between the
two source terminals (S1, S2) depends on the breakdown
voltage between the two gate terminals (G1, G2), and by
setting the electrode-electrode distances as described above, a
suificient level of voltage withstanding capability 1s ensured.

Here, the switching elements (SW1, SW2) have an on-state
resistance Ron which 1s set so that an on-state voltage gener-
ated by a reverse current flowing from the source to the drain
1s higher than a threshold voltage Vt at which the switching
clements (SW1, SW2) start to be 1n the on state. As a result,
the gate-drain voltage can be caused to quickly reach the
threshold voltage Vt or more. Therefore, the switching ele-
ments (SW1, SW2) can be more quickly driven to turn on,
whereby a loss caused when a current flows can be reduced.
Note that, 1n transistors, such as junction field-effect transis-
tors, static induction transistors, and the like, the threshold
voltage 1s lower than or equal to 2.5 V, and therefore, the
on-state resistance can be caused to be relatively small,
whereby the conduction loss of the switching element can be
reduced even when the switching element 1s configured so
that the on-state voltage 1s higher than or equal to the thresh-
old voltage.

As a result, as described 1n detail later, of the switching
clements (SW1, SW2), the switching element (SW1) 1n
which a higher voltage 1s applied to the source 1s allowed to
conduct a current 1n the reverse direction by the reverse volt-
age applied to the switching element (SW1) even without
controlling the driving of the swﬂchlng clement (SW1) so that
the switching element (SW1) 1s switched on. Therefore, in
this embodiment, the driving of only the switching element
(SW1) in which a Voltage higher than that of the source 1s
applied to the drain, 1s controlled.

—Drive Circuit—

A configuration of the drive circuits (33, 34) which control
the driving of the switching elements (SW1, SW2) having the
alforementioned configuration will be described hereinafter
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with reference to FIG. 3. Note that, as shown 1n FIG. 3, the
drive circuits (33, 34) have the same configuration, and there-
fore, only the configuration of the drive circuit (33) will be
described heremnafter, and the same components of the drive
circuit (34) as those of the drive circuit (33) are indicated by
the same reference characters.

The drive circuit (33) includes a drive power supply (41)
which applies a voltage Vg between the gate (G) and source
(S1) of the switching element (SW1), two gate drive switch-
ing elements (42, 43) which perform switching operation 1n
accordance with a control signal Sgl output from the power
factor improvement controller (35), and a resistor (44) (resis-
tance material) connected between the gate (G) and source
(S1) of the switching element (SW1) and 1n parallel to the
switching element (SW1).

The gate drive switching elements (42, 43) are connected in
series to each other, and the gate terminal (G1) of the switch-
ing element (SW1) 1s connected between the switching ele-
ments (42, 43). The gate drive switching element (43) 1s
provided between the drive power supply (41) and the gate
terminal (G1) of the switching element (SW1) to form a
voltage supply circuit in which the voltage Vg of the drive
power supply (41) 1s applied to the gate terminal (G1) of the
switching element (SW1) when the switching element (43) 1s
in the on state. On the other hand, the gate drive switching
clement (42) 1s provided to couple the source (S1) and gate
terminal (G1) of the switching element (SW1) when the
switching element (42) 1s 1n the on state. Note that, 1n FIG. 3,
a reference character 45 indicates a resistor for adjusting the
switching rate of the switching element (SW1), which 1s
provided between the gate drive switching elements (42, 43)
and the gate terminal (G1) of the switching element (SW1).

The driving of the gate drive switching elements (42, 43)
connected 1n series 1s controlled by drive controllers (46, 47),
respectively, 1n accordance with the control signal Sgl output
from the power factor improvement controller (35) so that
when one of the gate drive switching elements (42, 43) 1s in
the on state, the other 1s 1n the off state, and when one of the
gate drive switching elements (42, 43) 1s 1n the off state, the
other 1s 1n the on state.

As aresult, when the gate drive switching element (43) and
the gate drive switching element (42) are switched on and off,
respectively, 1n accordance with the control signal Sgl, the
voltage Vg of the drive power supply (41) 1s applied to the
gate terminal (G1) of the switching element (SW1) to drive
the switching element (SW1). Specifically, 1n this case, an
on-drive signal Vgl 1s input from the drive circuit (33) to the
gate terminal (G1) of the switching element (SW1).

Conversely, when the gate drive switching element (42)
and the gate drive switching element (43) are switched on and
off, respectively, 1n accordance with the control signal Sgl,
the switching element (SW1) 1s switched off without the
voltage Vg of the drive power supply (41) being applied to the
gate terminal (G1) of the switching element (SW1). Specifi-
cally, in this case, an off-control signal 1s input, rather than the
on-drive signal, from the drive circuit (33) to the gate terminal
(G1) of the switching element (SW1).

The resistor (44) which 1s provided between the gate (G1)
and source (S1) of the switching element (SW1) and 1n par-
allel to the switching element (SW1), has a resistance value
which 1s sufliciently smaller than that of the switching ele-
ment so that when the reverse voltage 1s applied to the switch-
ing element (SW1), almost all the reverse voltage 1s applied
between the gate (G1) and drain (D) of the switching element
(SW1). Specifically, the resistor (44) 1s configured to have a
suificiently small resistance value so that the reverse voltage
1s applied to the gate (G1) and drain (D) of the switching
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clement (SW1) while almost no voltage 1s applied between
the source (S1) and gate (G1) of the switching element (SW1)
parallel to the resistor (44).

—Operation of Bidirectional Switch Circuit—

Operation of the bidirectional switch circuit (30) having
the aforementioned configuration will be described hereinat-
ter with reference to FIGS. 1-5.

Firstly, operation of the drive circuits (33, 34) which drive
the switching elements (SW1, SW2) of the bidirectional
switch (31) in the bidirectional switch circuit (30) will be
described.

As shown 1n FIGS. 3 and 4, at t=t0, in the bidirectional
switch (31), when a reverse power supply voltage Vdc (a state
in which the voltage of the source (S1) i1s higher than the
voltage of the drain (D)) 1s applied to the switching element
(SW1), almost all the voltage applied to the switching ele-
ment (SW1) 1s applied between the gate (G1) and the drain
(D) because of the resistor (44) provided in the drive circuit
(33) for the switching element (SW1). In this case, while a
voltage Vsg between the source (S1) and the gate (G1) 1s
almost zero, a voltage Vsd between the source (S1) and the
drain (D) and a voltage Vgd between the gate (G1) and the
drain (D) are maintained equal to the threshold voltage Vt at
which the switching element (SW1) starts to be in the on state.
Thus, only a voltage which 1s equal to the threshold voltage Vt
1s applied to the switching element (SW1) which 1s one of the
two switch elements of the bidirectional switch (31), and
therefore, the differential voltage Vdc-Vt 1s applied to the
other switching element (SW2) of the bidirectional switch
(31). Note that, in the switching element (SW2), because the
on-drive signal 1s not input, a voltage Vgs between the gate
(G1) and the source (52) 1s zero, and therefore, all the voltage
Vdc-Vt 1s applied between the drain (D) and the gate (G2).

Next, at t=t1, when a control signal Sg2 which 1s 1n the on
state 1s input to the drive circuit (34) of the switching element
(SW2), the gate drive switching element (43) of the drive
circuit (34) 1s switched on, so that the voltage Vg 1s applied
from the drive power supply (41) to the gate terminal (G2) of
the switching element (SW2). In this case, the switching
clement (SW2) 1s switched on, so that the current Is flows
through the bidirectional switch (31). Specifically, a period
during which the switching element (SW2) 1s 1in the on state 1s
an on period ton.

Here, a voltage Vds between the drain (D) and source (S2)
of the switching element (SW2) temporarily becomes zero
when the switching element (SW2) 1s switched on, and there-
alter, gradually increases with a current flowing through the
switching element (SW2). On the other hand, also in the
switching element (SW1), the voltage Vsd between the
source (S1) and the drain (D) and the voltage Vgd between the
gate (G1) and the drain (D) gradually increase with the cur-
rent flowing through the switching element (SW2).

Next, at t=t2, when the control signal Sgt input to the drive
circuit (34) for the switching element (SW2) 1s caused to be
olf, the gate drive switching element (43) of the drive circuit
(34) 1s switched off, so that the voltage Vg of the drive power
supply (41) 1s not applied to the gate terminal (G1) of the
switching element (SW2), and therefore the voltage Vgs
between the gate (G2) and the source (S2) becomes zero. In
this case, the voltages of the switching elements (SW1, SW2)
are the same as they were at t=t0.

FIG. 5 shows the alorementioned operation of the drive
circuits (33, 34) arranged together with a waveform of the
power supply voltage, the zero crossing signal Sz, and the
like. Note that, in FIG. 5, 1t 1s assumed that when the zero
crossing signal Sz 1s on, the reverse voltage 1s applied to the
switching element (SW1) of the bidirectional switch (31), and
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when the zero crossing signal Sz 1s oflf, the reverse voltage 1s
applied to the switching element (SW2).

As shown 1n FIG. 5, when the reverse voltage 1s applied to
one switching element (SW1, SW2), then 11 the voltage Vgd,
Vdg between the gate (G1, G2) and the drain (D) 1s higher
than or equal to the threshold voltage Vt, the switching ele-
ment (SW1, SW2) 1s switched on even without the on-drive
signal being mnput to the switching element (SW1, SW2). In
this case, by controlling the driving of the other switching
clement so that the other switching element 1s switched on,
the current Is can be caused to tlow through the bidirectional
switch (31).

—Advantages of First Embodiment—

As described above, according to this embodiment, the
switching elements (SW1, SW2) of the bidirectional switch
(31) are configured so that when a voltage higher than that of
the drain (D) 1s applied to the source (S1) (the reverse voltage
1s applied), then even if the on-drive signal 1s not being input
to the gate terminal (G1, G2), a current flows from the source
(S1) to the drain (D). As a result, the current passage of the
bidirectional switch (31) can be controlled by controlling the
driving of only one switching element in which a voltage
higher than that of the source (52) 1s applied to the drain (D).
Therefore, the driving of the switching elements (SW1, SW2)
of the bidirectional switch (31) can be more easily controlled.

In addition, with the aforementioned configuration, a diode
which 1s conventionally required 1s no longer required, and
therefore, the number of parts can be proportionately
reduced, whereby the circuit configuration 1s simplified and
the conduction loss 1s reduced.

—First Vanation of First Embodiment—

As shown 1n FIG. 6, this first variation 1s different from the
first embodiment only 1n that only a single control signal Sgl
1s output from a power factor improvement controller (35") of
a the power converter (1'), and the same drive signal
(Vgl=Vg2) is input to switching elements (SW1, SW2)of a
bidirectional switch (31). Therefore, the same parts as those
of the first embodiment are indicated by the same reference
characters.

Specifically, as shown 1n FIG. 6, the power factor improve-
ment controller (35') to which the zero crossing signal Sz 1s
input from the zero crossing detector (32) 1s configured to
output the control signal Sgl to the drive circuits (33, 34). As
a result, the same control signal Sgl 1s 1nput to the drive
circuits (33, 34), and therefore, as shown 1n FIG. 7, the drive
circuits (33, 34) output the same drive signals Vgl and Vg2 to
the switching elements (SW1, SW2), respectively.

Thus, by mputting the same signal to the two switching
clements (SW1, SW2) of the bidirectional switch (31), the
switching elements (SW1, SW2) can be more easily con-
trolled than when the driving of the switching element (SW1)
and the driving of the switching element (SW2) are separately
controlled.

Here, 1n general, when the same signal 1s 1input to the two
switching elements (SW1, SW2) of the bidirectional switch
(31) as described above, the switching elements (SW1, SW2)
may be switched on at different timings due to variations in
the performance of the switching elements. However, by
employing the switching elements (SW1, SW2) having the
configuration of the first embodiment, one switching element
to which the reverse voltage 1s applied 1s switched to the
conductive state 1rrespective of the drive signal to the gate
terminal (G1, G2), whereby damage to the switching element
can be reduced or prevented.

—Second Variation of First Embodiment—

As shown 1n FIG. 8, this second variation 1s different from
the first embodiment only 1n that body diodes (Dgdl1, Dgd2)
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are formed between the gates (G1, G2) and drain (D) of two
switching elements (SW1', SW2") of a bidirectional switch
(31"), and the switching elements (SW1', SW2'") are config-
ured so that a current does not flow to the body diodes (Dgd1,
Dgd2). Therelfore, the same parts as those of the first embodi-
ment are indicated by the same reference characters.
Specifically, as shown in FIG. 8, the switching elements

(SW1', SW2Yinclude the body diodes (Dgd1, Dgd2) between
the gates (G1, G2) and the drain (D), respectively. The body
diodes (Dgdl1, Dgd2) conduct a current only from the gate
terminals (G1, G2) to the drain (D). In addition, the switching
clements (SW1', SW2") are configured so that a threshold
voltage Vt at which the switching elements (SW1', SW2'")
start to be 1n the on state 1s lower than a forward voltage V1 of
the body diodes (Dgdl, Dgd2).

As a result, before a current flows through the body diode
(Dgdl, Dgd2), the switching element (SW1', SW2Y) 1s
switched on, so that a current flows through the switching
clement (SW1', SW2"). In general, when a current flows
through the body diode (Dgdl, Dgd2), a small number of
carriers are accumulated 1n the body diode (Dgd1, Dgd2), and
therefore, a delay occurs when turning oif and a relatively
large loss occurs when a current tlows through the body diode
(Dgd1, Dgd2). With the atforementioned configuration, a cur-
rent 1s caused to flow through the switching element (SW1',
SW2'), whereby the delay and loss when turning off can be
reduced or prevented.

—Third Vanation of First Embodiment—

As shown 1in FIG. 9, this third variation 1s different from the
first embodiment only 1n that, as in the second vanation, body
diodes (Dgd1, Dgd2) are formed between the gates (G1, G2)
and drain (D) of switching elements (SW1', SW2") of a bidi-
rectional switch (31"), and 1n that drive power supplies (33) of
drive circuits (51, 52) are configured to vary a voltage. There-
fore, the same parts as those of the first embodiment are
indicated by the same reference characters.

Specifically, as shown in FIG. 9, the switching elements
(SW1', SW2Yinclude the body diodes (Dgd1, Dgd2) between

the gates (G1, G2) and the drain (D), respectively. The body
diodes (Dgdl, Dgd2) conduct a current only from the gate
terminals (G1, G2) to the drain (D).

The dnive circuits (51, 52) for the switching elements
(SW1', SW2'") each include the drive power supply (53) con-
figured to vary a voltage. The drive circuits (51, 52) also each
include a gate voltage adjuster (54) which calculates the
voltage Vgd between the gate (G1, G2) and the drain (D)
based on the current Is flowing through the bidirectional
switch (31") and adjusts the voltage of the drive power supply
(53) so that the voltage Vgd 1s invariably lower than the
torward voltage V1 of the body diode (Dgdl1, Dgd2).

Specifically, the voltage Vsd between the source (S1, S2)
and the drain (D) varies, depending on the current Is flowing
through the bidirectional switch (31') (=IsxRon (the on-state
resistance of the switching element (SW1', SW2"))). There-
fore, the gate voltage adjuster (54) 1s configured to change the
voltage Vgs between the gate (G1, G2) and the source (S1,
S2) (the voltage of the drive power supply (33)), depending on
the voltage Vsd, in order to cause the voltage Vgd between the
gate (G1, G2) and the drain (D) to be invariably lower than the
forward voltage V1 of the body diode (Dgdl1, Dgd2).

As aresult, the voltage Vegd between the gate (G1, G2) and
the drain (D) of the switching element (SW1', SW2') can be
caused to be mnvariably lower than the forward voltage V1 of
the body diode (Dgdl1, Dgd2). Therefore, a current can be
more reliably prevented from flowing through the body diode
(Dgd1, Dgd2), whereby an increase 1n the delay and the loss
when turning ofl can be more reliably prevented.




US 9,178,412 B2

13

—Fourth Variation of First Embodiment—
As shown 1n FIG. 10, this fourth variation 1s different from

the first embodiment only 1n that body diodes (Dsdl, Dsd2)
are formed between the sources (S1, S2) and drain (D) of
switching elements (56, 57) of a bidirectional switch (35).
Therefore, the same parts as those of the first embodiment are
indicated by the same reference characters.

Specifically, the switching elements (56, 57) of the bidi-
rectional switch (55) include the body diodes (Dsd1, Dsd2)
between the sources (S1, S2) and the drain (D), respectively.
The body diodes (Dsd1, Dsd2) conduct a current only from
the gate terminals (51, S2) to the drain (D). Specifically, the
switching elements (56, 57) each include, for example, a
MOSFET or the like which includes the body diode (Dsdl,
Dsd2) between the source (51, S2) and the drain (D).

As a result, even when a reverse voltage higher than the
voltage of the drain (D) 1s applied to the source (S1, S2) of the
switching element (56, 57), a current can flow through the
body diode (Dsdl, Dsd2) until the switching element (56, 57)

1s switched on, whereby a loss occurring when the switching
clement (56, 57) 1s 1n the off state can be reduced.

Second Embodiment

—Overall Configuration—

FIG. 11 schematically shows a configuration of a power
converter (60) according to a second embodiment of the
present invention. The power converter (60) 1s a so-called
matrix converter which directly converts alternating power
having a predetermined frequency obtained from an alternat-
ing-current power supply (61) to alternating power having
another frequency.

The matrix converter (60) includes, as a switching unit, a
plurality of (six 1n the example of FIG. 11) bidirectional
switches (Sur, Sus, Sut, Svr, Svs, Svt). Note that, 1n the
example of FIG. 11, the matrix converter (60) 1s configured to
convert alternating power output from a three-phase alternat-
ing-current power supply (61) to single-phase alternating
power, and supply the resultant power to a load (62), such as
a motor or the like. The present invention 1s not limited to this.
The matrix converter (60) may be configured 1n any manner.
For example, the matrix converter (60) may be configured to
supply alternating power output from a three-phase alternat-
ing-current power supply (61), as 1t 1s three-phase alternating
power, to a load.

The bidirectional switches (Sur, Sus, Sut, Svr, Svs, Svt) are
provided to selectively connect a terminal of each phase of the
alternating-current power supply (61) to the two terminals of
the load (62). Specifically, three bidirectional switches
coupled to the terminals of the three phases of the alternating-
current power supply (61) are connected to each of two ter-
minals which are the input and output of the load (62). In the
matrix converter (60), the bidirectional switches (Sur, Sus,
Sut, Svr, Svs, Svt) provide an R phase, an S phase, and a'T
phase which are coupled to the respective phases of the alter-
nating-current power supply (61), with respect to the input
and output of the load (62).

In the matrix converter (60) having the aforementioned
configuration, as shown 1n FI1G. 12(A), for example, when the
R-phase and T-phase bidirectional switches (Sur, Svt) are
switched to the conductive state, a current Iu flows between
the R and T phases of the matrix converter (60). Thereafter, as
shown 1n FI1G. 12(B), when the R-phase bidirectional switch
(Sur) 1s switched to the non-conductive state and the S-phase
bidirectional switch (Sus) 1s switched to the conductive state,
a current flows between the S and T phase of the matrix
converter (60). In other words, by performing the switching
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operation as shown 1 FIG. 12, the matrix converter (60)
performs commutation operation.

—Configuration and Operation of Bidirectional Switch—

A specific configuration of the bidirectional switches (Sur,
Sus, Sut, Svr, Svs, Svt) will be described hereinafter. Note
that the bidirectional switches (Sur, Sus, Sut, Svr, Svs, Svt) all
have the same configuration, and therefore, only the R-phase
and S-phase bidirectional switches (Sur, Sus) will be
described hereimaftter.

Before describing the configuration of the present inven-
tion, the configuration and operation of conventional bidirec-
tional switches (Sur', Sus') will be described with reference to
FIGS. 13-15.

As shown 1n FIG. 13, 1n each bidirectional switch (Sur',
Sus'), two circuits 1 each of which a switching element
(Surl', Sur2', Susl', Sus2') and a diode (Durl', Dur2', Dus1’,
Dus2'") are connected 1n series are connected 1n antiparallel,
where the diodes (Durl', Dur2', Dusl', Dus2') of the two
circuits have opposite conduction directions. The diodes
(Durl', Dur2', Dusl', Dus2') are connected 1n series to the
switching elements (Surl', Sur2', Susl', Sus2') so that the
diodes (Durl', Dur2', Dusl', Dus2") conduct a current only 1n
the forward direction of the switching elements (Surl', Sur2',
Sus 1', Sus2') (a direction in which a current flows when the
voltage of the drain 1s higher than the voltage of the source).
In other words, 1n the bidirectional switches (Sur', Sus'), two
circuits which conduct a current only 1n one direction are
connected 1n antiparallel, whereby bidirectional conduction
1s achieved.

Note that, 1n addition to the configuration of FIG. 13, the
bidirectional switches (Sur', Sus') may have a known configu-
ration shown in FIG. 14 1n which two circuits in each of which
a switching element (Surl', Sur2') and a diode (Durl', Dur2')
are connected 1n antiparallel are connected 1n series so that a
reverse blocking state 1s established between the switching
clements (Surl', Sur2') and between the diodes (Durl',
Dur2"). In FIGS. 13 and 14, a solid line with an arrow 1ndi-
cates a case where the current Iu flows through the R phase,
and a dashed line with an arrow 1ndicates a case where the
current Iu flows through the S phase.

Next, operation of the conventional bidirectional switches
(Sur', Sus') having the aforementioned configuration will be
described along with commutation operation of a matrix con-
verter. Here, FIG. 15 shows operation of the bidirectional
switches (Sur', Sus') where commutation operation from the
R phase to the S phase 1s performed. FIG. 15(A) shows
operation of the bidirectional switches (Sur', Sus') where the
current Iu has a positive value, and FI1G. 15(B) shows opera-
tion of the bidirectional switches (Sur', Sus') where the cur-
rent Iu has a negative value. In FIG. 15, solid hatching indi-
cates cases where a current 1s allowed to pass when a voltage
higher than that of the S phase 1s being applied to the R phase,
and dashed hatching indicates cases where one switching
clement 1s switched oif and the other switching element 1s
switched on when a voltage higher than that of the R phase 1s
being applied to the S phase.

Note that, although not shown, the matrix converter
includes a voltage polarity detector which detects the polarity
of the voltage of the alternating-current power supply or a
current polarity detector which detects the polarity of the
current. Based on the result of detection, the matrix converter
determines timings (t0-t7) of switching operation of the bidi-
rectional switches (Sur', Sus').

Firstly, 1t 1s assumed that the current Iu has a positive value.
As shown m FIG. 15(A), at t=t0, the switching element
(Surl') 1s in the on state, and the current Iu 1s flowing through
the R phase. In this case, the other switching element (Sur2')
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of the R-phase bidirectional switch (Sur') 1s also in the on
state. This 1s 1n order to, when a short circuit failure or the like
occurs 1n the load (62), cause a current to flow 1n the reverse
direction as well, thereby preventing the failure of the matrix
converter.

The current Iu 1s commutated from the R phase to the S
phase as follows. Initially, at t=tl, the switching element
(Sur2') 1s switched off. Thereafter, at t=t2, the driving of the
switching element (Susl') of the S-phase bidirectional switch
(Sus') 1s controlled so that the switching element (Susl') of
the S-phase bidirectional switch (Sus') 1s switched on. In this
case, 1f a voltage higher than that of the S phase 1s being input
to the R phase (Vrs>0), the current Iu continues to tlow
though the R phase (a solid-line portion of Surl"). If a voltage
higher than that of the R phase 1s being input to the S phase
(Vrs<0), the phase through which the current Iu flows 1s
changed from the R phase to the S phase (from a solid-line
portion of Surl' to a dashed-line portion of Susl'). At t=t3,
when the switching element (Surl') 1s switched oil

, then even
i Vrs>0, the phase through which the current Iu flows 1s
changed from the R phase to the S phase (from a solid-line
portion of Surl' to a solid-line portion of Susl').

Thus, the current Iu flowing through the R-phase can be
commutated to the S phase. Thereatter, at t=t4, the driving of
the other switching element (Sus2') of the S-phase bidirec-
tional switch (Sus') 1s also controlled so that the other switch-
ing element (Sus2') of the S-phase bidirectional switch (Sus')
1s switched on, whereby a current can flow in the reverse
direction as well when a failure or the like occurs.

Conversely, the current Iu 1s commutated from the S phase
back to the R phase as follows. Initially, at t=t5, the switching
clement (Sus2') 1s switched off. Thereafter, at t=t6, the driving
of the switching element (Surl') of the R-phase bidirectional
switch (Sur') i1s controlled so that the switching element
(Surl") of the R-phase bidirectional switch (Sur') 1s switched
on. In this case, if a voltage higher than that of the S phase 1s
being applied to the R phase (Vrs>0), the phase through
which the current Iu tlows 1s changed from the S phase to the
R phase (from a solid-line portion of Susl' to a solid-line
portion of Surl'). If a voltage higher than that of the R phase
1s being applied to the S phase (Vrs<0), the phase through
which the current Iu flows continues to be the S phase (a
dashed-line portion of SuS1'). At t=t7, when the switching
clement (Sus1') 1s switched off, then even 1f Vrs<0, the phase
through which the current Iu flows 1s changed from the S
phase to the R phase (irom a dashed-line portion of Susl'to a
solid-line portion of Surl'"). As a result, the operation of com-
mutating the current Iu from the S phase to the R phase 1s
completed.

In the aforementioned commutation operation, 1f the
operation of the switching elements (Surl', Susl') and the
operation of the switching elements (Sur2', Sus2') are
reversed, the commutation operation of FIG. 15(B) 1s
achieved.

Incidentally, in the bidirectional switches (Sur', Sus') hav-
ing the aforementioned configuration, reverse blocking
diodes (Durl', Dur2', Dus1', Dus2') which prevent a current
from flowing 1n the reverse direction are required in addition
to the switching elements (Surl', Sur2', Susl’, Sus2'). There-
fore, the number of parts increases and the circuit configura-
tion 1s more complicated, whereby the conduction loss pro-
portionately increases. To avoid this, a configuration
employing reverse blocking IGBTs which remove the neces-
sity of the diodes (Durl', Dur2', Dusl', Dus2') may be con-
templated. However, in order to prevent the breakdown of the
switching elements, it 1s necessary to control the driving of
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the switching elements 1n a well-coordinated manner, 1.¢., a
highly accurate and complicated control 1s required.

In contrast to this, 1n this embodiment, 1n order to provide
a bidirectional switch for a matrix converter which can be
implemented by simply controlling the driving of switching
clements while reducing the number of parts to simplify the
circuit and reduce the conduction loss, a device which 1s
configured so that when a voltage higher than that of the drain
1s applied to the source, a current 1s allowed to pass from the
source to the drain even if the on-drive signal 1s not being
input to the gate terminal, 1s employed as the switching ele-
ment of the bidirectional switch.

Specifically, as shown in FIG. 16, 1n the bidirectional
switches (Sur, Sus) of the matrix converter (60), two switch-
ing elements (Surl, Sur2, Susl, Sus2) are connected 1n series
so that the drains thereof are coupled to each other. Each
switching element (Surl, Sur2, Susl, Sus2) i1s configured so
that when a voltage higher than that of the drain 1s applied to
the source, then even 11 the on-drive signal 1s not being input
to the gate terminal, a current 1s allowed to pass from the
source to the drain. The switching elements (SW1, SW2)
include, for example, a junction field-effect transistor, a static
induction transistor, a metal-semiconductor field-effect tran-
sistor, a heterojunction field-effect transistor, a high electron
mobility transistor, or the like. In FIG. 16, a solid line with an
arrow 1ndicates a case where the current Iu flows through the
R phase, and a dashed line with an arrow indicates a case
where the current Iu flows through the S phase.

Here, as with the switching elements (SW1, SW2) of the
first embodiment, the two switching elements (Surl, Sur2,
Susl, Sus2) constituting each bidirectional switch (Sur, Sus)
may be configured as a so-called dual-gate type device which
includes two source terminals (S1, S2) and two gate terminals
(G1, G2), and a single common drain (D), or alternatively,
may be configured as two separate devices.

The on-state resistance Ron of the switching elements
(Surl, Sur2, Susl, Sus2) is set so that the on-state voltage
generated by the reverse current flowing the source to the
drain 1s higher than the threshold voltage Vt. As a result, the
gate-drain voltage can more quickly reach the threshold volt-
age Vit or more. Therefore, the switching elements (Surl,
Sur2, Susl, Sus2) can be more quickly driven to turn on,
whereby a loss occurring when a current passes 1n the reverse
direction can be reduced. Note that, 1n transistors, such as
junction field-effect transistors, static induction transistors,
and the like, the threshold voltage 1s lower than or equal to 2.5
V, and therefore, the on-state resistance can be caused to be
relatively small, whereby the conduction loss of the switching
clement can be reduced.

As a result, although details will be described later, of the
switching elements (Surl, Sur2, Susl, Sus2), a switching
clement 1n which a higher voltage 1s applied to the source 1s
switched on which allows a current to pass in the reverse
direction by the reverse voltage applied to the switching ele-
ment, without controlling the driving of the switching ele-
ment so that the switching element 1s switched on.

The drive circuits for the switching elements (Surl, Sur2,
Susl, Sus2) are similar to those of the first embodiment.
Specifically, in FIG. 3 of the first embodiment, the switching
clements (SW1, SW2) correspond to the switching elements
(Sur2, Sus2) and the switching elements (Surl, Susl) of this
embodiment, respectively.

Operation of the bidirectional switches (Sur, Sus) 1includ-
ing the switching elements (Surl, Sur2, Susl, Sus2) having
the aforementioned configuration will be described along
with commutation operation of the matrix converter. Here,
FIG. 17 shows operation of the bidirectional switches (Sur,
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Sus) when commutation operation from the R phase to the S
phase 1s performed. FIG. 17(A) shows operation of the bidi-
rectional switches (Sur, Sus) where the current Iu has a posi-
tive value, and FIG. 17(B) shows operation of the bidirec-
tional switches (Sur, Sus) where the current Iu has a negative
value. Note that, in FIG. 17, solid hatching indicates cases
where a current 1s allowed to pass when a voltage higher than
that of the S phase 1s being applied to the R phase, and dashed
hatching indicates cases where a current 1s allowed to pass
when a voltage higher than that of the R phase 1s being applied
to the S phase.

Note that, although not shown, the matrix converter
includes a voltage polarity detector which detects the polarity
of the voltage of the alternating-current power supply or a
current polarity detector which detects the polarity of the
current. Based on the result of detection, the matrix converter
determines timings (t0-t7) of switching operation of the bidi-
rectional switches (Sur, Sus).

Firstly, 1t 1s assumed that the current Iu has a positive value.
As shownin FIG. 17(A), at t=t0, the switching element (Surl )
1s 1n the on state, and the current Iu 1s flowing through the R
phase. In this case, the other switching element (Sur2) of the
R-phase bidirectional switch (Sur) 1s also 1n the on state.

The current Iu 1s commutated from the R phase to the S
phase as follows. Initially, at t=tl, the switching element
(Sur2) 1s switched off. However, the reverse voltage 1s being
applied to the switching element (Sur2). Therefore, even
when the on-drive signal 1s not being input to the gate terminal
ol the switching element (Sur2), the current Iu flows through
the switching element (Sur2) when the voltage continues to
be applied to the R phase.

Thereafter, at t=t2, the driving of the switching element
(Sus1) of the S-phase bidirectional switch (Sus) 1s controlled
so that the switching element (Susl) of the S-phase bidirec-
tional switch (Sus) 1s switched on. In this case, 1f a voltage
higher than that of the S phase 1s being applied to the R phase
(Vrs>0), the current Iu continues to tlow through the R phase
(a solid-line portion of Surl). If a voltage higher than that of
the R phase 1s being applied to the S phase (Vrs<0), the phase
through which the current Iu flows 1s changed from the R
phase to the S phase (from a solid-line portion Surl to a
dashed-line portion of Susl). At t=t3, when the switching
clement (Surl) 1s switched off, then even 1f Vrs>0, the phase
through which the current Iu flows 1s changed from the R
phase to the S phase (from a solid-line portion of Surl to a
solid-line portion of Susl). Here, as described above, when
only the switching element (Susl) of the S-phase bidirec-
tional switch (Sus) 1s switched on, so that a voltage which
allows the current Iu to flow through the S phase 1s applied,
the reverse voltage 1s applied to the other switching element
(Sus2) of the S-phase bidirectional switch (Sus). Therefore,
in this case, even when the on-drive signal 1s not input to the
gate terminal of the switching element (Sus2), a current 1s
allowed to pass through the switching element (Sus2), 1.e, the
current Iu flows through the S phase.

Thus, the current Iu can be commutated from the R phase
to the S phase. Thereafter, at t=t4, the driving of the other
switching element (Sus2) of the S-phase bidirectional switch
(Sus) 1s also controlled so that the other switching element
(Sus2) of the S-phase bidirectional switch (Sus) 1s switched
on, whereby the conduction loss of the switching element
(Sus2) 1s reduced.

Conversely, the current Iu 1s commutated from the S phase
back to the R phase as follows. Initially, at t=t5, the switching,
clement (Sus2) 1s switched off. In this case, the reverse volt-
age 1s being applied to the switching element (Sus2). There-
fore, even when the on-drive signal 1s not being input to the

10

15

20

25

30

35

40

45

50

55

60

65

18

gate terminal of the switching element (Sus2), the current Iu
flows through the switching element (Sus2) when the voltage

continues to be applied to the S phase.

Thereatter, at t=t6, the driving of the switching element
(Surl) of the R-phase bidirectional switch (Sur) 1s controlled
so that the switching element (Surl) of the R-phase bidirec-
tional switch (Sur) 1s switched on. In this case, if a voltage
higher than that of the S phase 1s being applied to the R phase
(Vrs>0), the phase through which the current Iu flows 1s
changed from the S phase to the R phase (from a solid-line
portion of Susl to a solid-line portion of Surl). If a voltage
higher than that of the R phase 1s being applied to the S phase
(Vrs<0), the phase through which the current Iu flows con-
tinues to be the S-phase (a dashed-line portion of Susl). At
t=t7, when the switching element (Susl) 1s switched oif, then
even 11 Vrs<(0, the phase through which the current Iu flows 1s
changed from the S phase to the R phase (from a dashed-line
portion of Susl to the solid-line portion of Surl). Here, as
described above, when the switching element (Surl) of the
R-phase bidirectional switch (Sur) 1s switched on, so that a
voltage which allows the current Iu to flow through the R
phase 1s applied, the reverse voltage 1s applied to the other
switching element (Sur2) of the R-phase bidirectional switch
(Sur). Therefore, 1n this case, even when the on-drive signal 1s
not input to the gate terminal of the switching element (Sur2),
the switching element (Sur2) 1s switched on, so that the cur-
rent Iu flows through the R phase. As aresult, the operation of
commutating the current Iu from the S phase to the R phase 1s
completed.

In the aforementioned commutation operation, if the
operation of the switching elements (Surl, Susl) and the
operation of the switching elements (Sur2, Sus2) are
reversed, the commutation operation of FIG. 17(B) 1s
achieved.

Note that, also 1n this embodiment, a configuration similar
to those of the first to fourth variations of the first embodiment
may be employed as in the first embodiment.

—Advantages of Second Embodiment—

As described above, according to this embodiment, the
switching elements (Surl, Sur2, Susl, Sus2) constituting the
bidirectional switches (Sur, Sus) of the matrix converter (60)
are configured so that when a voltage higher than that of the
drain 1s applied to the source, then even if the on-drive signal
1s not being mput to the gate terminal, a current 1s allowed to
pass from the source to the drain. As a result, the number of
parts can be reduced by removing the reverse blocking
diodes, and therefore, the size and cost can be proportionately
reduced, and the conduction loss can be reduced.

In addition, as described above, the switching elements
(Surl, Sur2, Susl, Sus2) to which the reverse voltage 1s
applied can be caused to conduct a current even without
controlling the driving of the switching elements. Therelore,
it 1s no longer necessary to control all the switching elements
(Surl, Sur2, Susl, Sus2) in a well-coordinated manner,
whereby the control 1s facilitated.

Other Embodiments

The aforementioned embodiments may be configured as
follows.

In the first embodiment, the on-drive signal 1s not input to
the gate terminal of the switching element (SW1) in which a
voltage higher than that of the drain 1s applied to the source.
The present invention 1s not limited to this. When 1t1s detected
or inferred that a reverse current i1s flowing through the
switching element (SW1), the on-drive signal may be input to
the gate terminal of the switching element (SW1). In this case,
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the switching element (SW1) can be driven into the conduc-
tive state, and therefore, the conduction loss can be further
reduced than when a current 1s allowed to pass through the
switching element (SW1) which 1s not driven. Also 1n the
second embodiment, when 1t 1s detected or inferred that a
reverse current 1s flowing through the switching element
(Sur2, Sus2), the on-drive signal may be quickly 1nput to the
switching element (Sur2, Sus2).

INDUSTRIAL APPLICABILITY

The present invention 1s particularly useful for power con-
verters including a bidirectional switch in which a plurality of
switching elements are connected 1n series.

DESCRIPTION OF REFERENCE CHARACTERS

1 Power Converter

15 Power Factor Improvement Circuit

30 Bidirectional Switch Circuit

31, 31', 55, Sur, Sus Bidirectional Switch (Switching Unait)
32 Zero Crossing Detector

33 Drnive Circuit (Gate Drive Circuit)

34 Drive Circuit

35, 35' Power Factor Improvement Controller (Controller)
41 Drive Power Supply

42, 43 Gate Drive Switching Element

44 Resistor (Resistance Material)

45 Resistor

46, 47 Drive Controller

51, 52 Drive Circuit

53 Drive Power Supply
54 Gate Voltage Adjuster
56, 57 Switching Element

60 Power Converter (Matrix Converter)
Dgdl, Dgd2 Body Diode

[, Reactor

SW1, SW2, SW1', SW2' Switching FElement
S1, 52 Source

D Drain

(1, G2 Gate Terminal

The mvention claimed 1s:
1. A bidirectional switch circuit comprising;:
two switching elements connected to conduct a current 1n
both directions, wherein
the two switching elements are connected 1n series to each
other at drains,
of the two switching elements, the switching element to
which a reverse voltage 1s applied, a voltage of a source
of one of the switching elements being higher than a
voltage of a drain of the one of the switching elements, 1s
configured to conduct a current from the source to the
drain even when an on-drive signal 1s not being input to
a gate terminal of the one of the switching elements,
the bidirectional switch circuit further comprises
a gate drive circuit provided for each of the two switch-
ing elements, and configured to control, 1f a gate-to-
source potential of one of the switching elements 1s
controlled to be a first potential such that the one of the
switching elements 1s turned on, a gate-to-source
potential of the other of the switching elements such
that the gate-to-source potential of the other of the
switching elements 1s different from the first poten-
tial,
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the gate drive circuit comprises
a resistance material connected between the source and

the gate terminal of the switching element and 1n

parallel to the switching element,
the resistance material has a resistance value which 1s

smaller than that of the two switching elements, and

the two switching elements do not include a parasitic diode
and an external diode each of which 1s located between
the source and the drain and 1s capable of conducting a
current from the source to the drain.

2. The bidirectional switch circuit of claim 1, wherein

the switching element to which the reverse voltage 1s
applied includes a gate-drain body diode provided
between the gate terminal and the drain and configured
to allow a current to flow only from the gate terminal to
the drain, and

the switching element 1s configured so that a threshold
voltage at which the switching element starts to be 1n an

on state 1s lower than a forward voltage of the gate-drain
body diode.

3. The bidirectional switch circuit of claim 1, wherein

the switching element to which the reverse voltage 1s
applied includes a gate-drain body diode provided
between the gate terminal and the drain and configured
to allow a current to flow only from the gate terminal to
the drain, and

the gate drive circuit includes a gate voltage adjuster con-
figured to adjust a gate-drain voltage between the gate
terminal and the drain so that the gate-drain voltage 1s
lower than a forward voltage of the gate-drain body
diode.

4. The bidirectional switch circuit of claim 1, further com-

prising:

a control circuit configured to output an oif-control signal
to the switching element to which the reverse voltage 1s
applied.

5. The bidirectional switch circuit of claim 1, wherein the
two switching elements are provided in a single device
including two gate electrodes.

6. The bidirectional switch circuit of claim 5, wherein a
distance between the two gate electrodes 1s greater than dis-
tances between the gate electrodes and the respective corre-
sponding source e¢lectrodes.

7. A power converter, wherein the power converter 1s a
matrix converter including the bidirectional switch circuit of
claim 1 as a switching unit.

8. The power converter of claim 7, wherein two switching,
clements constituting the switching umt of the matrix con-
verter are provided 1n a single device having two gate elec-
trodes.

9. The power converter of claim 8, wherein a distance
between the two gate electrodes 1s greater than distances
between the gate electrodes and the respective corresponding
source electrodes.

10. A power converter comprising:

the bidirectional switch circuit of claim 1 as a switching
unit.

11. The bidirectional switch circuit of claim 1, wherein the

drain 1s a common drain for the two switching elements.

12. The bidirectional switch circuit of claim 1, wherein

the gate drive circuit further includes a first gate drive
switching element and a second gate drive switching,
element connected 1n series,

the first gate drive switching element 1s provided between
a drive power supply and the gate terminal of the each of
the two switching elements, and
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the second gate drive switching element 1s provided to
couple the source and the gate terminal of the each of the
two switching elements.

13. The bidirectional switch circuit of claim 12, wherein a
resistor connected 1n series to the resistance material 1s pro- 53
vided between the gate terminal of the each of the two switch-
ing elements and the first and second gate drive switching
clements.
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